ABSTRACT
Stream ecosystem metabolism plays a critical role in planetary biogeochemical cycling. Stream benthic habitat complexity and the available surface area for microbes relative to the free-flowing water volume are thought to be important determinants of ecosystem metabolism. Unfortunately, the engineered deepening and straightening of streams for drainage purposes could compromise stream natural services. Stream channel complexity may be quantitatively expressed with hydraulic parameters such as water transient storage, storage residence time, and water spiralling length. The temperature dependence of whole stream ecosystem respiration (ER), gross primary productivity (GPP) and net ecosystem production (NEP = GPP−ER) has recently been evaluated with a "natural experiment" in Icelandic geothermal streams along a 5−25
• C temperature gradient. There remained, however, a substantial amount of unexplained variability in the statistical models, which may be explained by hydraulic parameters found to be unrelated to temperature. We also specifically tested the additional and predicted synergistic effects of water transient storage and temperature on ER, using novel, more accurate, methods. Both ER and GPP were highly related to water transient storage (or water spiralling length) but not to the storage residence time. While there was an additional effect of water transient storage and temperature on ER (r 2 = 0.57; P = 0.015), GPP was more related to water transient storage than temperature. The predicted synergistic effect could not be confirmed, most likely due to data limitation. Our interpretation, based on causal statistical modelling, is that the metabolic balance of streams (NEP) was primarily determined by the temperature dependence of respiration. Further field and experimental work is required to test the predicted synergistic effect on ER. Meanwhile, since higher metabolic activities allow for higher pollutant degradation or uptake, river restoration and management should promote habitat diversity and complexity (hyporheic zone, macrophyte patches, substrate heterogeneity), especially for microbial activity.
INTRODUCTION
Stream ecosystem functioning plays a critical role in planetary biogeochemical cycling (including green house gas emission) and pollutant degradation from mountain to sea (e.g. Alexander et al., 2008 Alexander et al., , 2009 Battin et al., 2008 Battin et al., , 2009 ). The engineered deepening and straightening of streams for drainage purposes and deforestation could compromise stream natural services (e.g. Sweeney et al., 2004) . Rich nations have managed to secure water resources for human consumption but this has been at the expense of habitat diversity (Vörösmarty et al., 2010) . While many studies have focused on the role of habitat diversity on biological communities, fewer have tried to quantify the effect of habitat complexity or heterogeneity on ecosystem processes (e.g. Cardinale et al., 2002; Cardinale, 2011) . Headwater streams are thought to have high metabolic rates due to continuous nutrient renewal, large stable surface area per water volume, large water transient storage (amount of temporary storage of water within quiescent zones), long storage residence time (average water residence time in the transient storage zones) and short water spiralling length (average distance travelled by a water molecule in free-flowing water before entering the water transient storage zone) - Battin et al. (2008) . The transient storage zone is characterised by the stream bed interstices and other near stagnant water regions that occur in natural channels and the rate at which material is transferred in and out of these regions. The total volume of stream bed interstices and near stagnant water regions is often referred to as the water transient storage (and quantified as A s , the volume of storage zone per unit length run of stream). It is generally normalised to stream cross section area (A), i.e. the proportion A s : A (transient storage zone relative to the size of the free-flowing water), in order to make comparisons between natural streams more independent of discharge (or stream size). Water transient storage is also often associated with the presence of a hyporheic zone (Jones and Mulholland, 2000) . However, surface abiotic and biotic structure such as large pools, aquatic patches of macrophytes and biofilm development may equally generate hydrological retention (e.g. Bencala and Walters, 1983; Mulholland et al., 1994; Sand-Jensen and Mebus, 1996) . Experimental studies have been especially successful in demonstrating changes in nutrient uptake with the development or manipulation of biotic structures such as biofilm and patches of aquatic macrophytes Battin et al., 2003; Ensign and Doyle, 2005; Bottacin-Busolin et al., 2009) . Water transient storage is thought to be a good surrogate for habitat complexity or surface area availability for microbial life (e.g. Mulholland et al., 2001 ; the three dimension stream architecture, Battin et al., 2008) . While the expected positive direct link between transient storage and whole stream metabolism (e.g. Marzolf et al., 1994) has been tentatively supported in a couple of studies (Mulholland et al., 1997; Fellows et al., 2001) , the most comprehensive regional and inter-biome studies have failed to find a direct significant relationship independent of discharge (Mulholland et al., 2001; Marti et al., 2009; Bernot et al., 2010) . This may be due to the modest range or relatively small transient storage, e.g. range 0.06−0.59 in Mulholland et al. (2001) and 0.01−0.44 in Marti et al. (2009) compared to 0.06−1.67 (Mulholland et al., 1997; Fellows et al., 2001 ) and mostly 0.05−2.7 worldwide (Battin et al., 2008) . These studies were neither specifically designed to test for the effect of transient storage on stream metabolism nor very successful at explaining ecosystem respiration possibly due to high (unquantified) error of measurements for both transient storage and respiration (Cox and Runkel, 2008; Bernot et al., 2010) . The temperature dependence of whole stream ecosystem respiration (ER), gross primary productivity (GPP) and net ecosystem production (NEP = GPP − ER) has recently been evaluated with a "natural experiment" in Icelandic geothermal streams along a 5−25
• C temperature gradient . There remained, however, a substantial amount of unexplained variability in the statistical models, which may be explained by hydraulic parameters found to be unrelated to temperature . Following on from this study, we hypothesise that water transient storage, a surrogate for physical space availability for microbial communities (the metabolic engines of the ecosystem), should largely account for the remaining variability not explained by temperature. We expect water transient storage to be positively associated with ER and GPP. The strength of the relationship should be stronger with ER than GPP because unlike autotrophic organisms, heterotrophic organisms can colonise the hyporheic zone and use the continual supply of DOC and autochthonous organic matter. Since both ER and GPP are expected to respond positively to water transient storage and temperature, we predict a positive additional effect. Since temperature does not only affects biological processes but also physical properties such as water viscosity, we further hypothesise that water transient storage will also have a synergistic effect with temperature on ER, due to increase hydraulic conductivity in the hyporheic zone. Finally stream metabolism is expected to be positively related to water storage residence time (because there is more time for nutrients to interact with the biota) and negatively related to water spiralling length (expected to be inversely related to water transient storage and water storage residence time). In the present study, we combine our new, more accurate, methodological work on transient storage (Manson et al., 2001 and stream metabolism to test these hypotheses.
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Figure 1
Panoramic view of independent stream sites 1−6 flowing from the hill where the photo was taken towards the mountains in the background in the river Hengladalsá. Site 12 is at the back of the first hill (left hand side) and all other sites (7) (8) (9) (10) (11) 14) are further up (right hand side) within 1 km (see map in Woodward et al., 2010) .
Vue panoramique des stations des ruisseaux indépendants 1−6 coulant de la colline, où fut prise la photo, vers les montagnes au dernier plan, dans la rivière Hengladalsá. Le site 12 est situé derrière la colline au premier plan à gauche et tous les autres sites (7−11, 14) sont plus haut sur la droite à moins d'un kilomètre (voir la carte publiée dans Woodward et al., 2010) .
MATERIAL AND METHODS
> STUDY AREA
The study area is situated in south-west Iceland (64
• 5 N, 21
• 30 W) on the mid-Atlantic ridge between the North American and Eurasian tectonic plates and is characterised by intense volcanic and geothermal activity. Heating of the stream water is by steam from boiling geothermal water reservoirs, which heats up the upper cold groundwater that feeds the streams and the bedrock they flow through (Arnason et al., 1969) . Precipitation in excess of 3000 mm per year infiltrates the porous volcanic bedrock and numerous small permanent streams, mostly groundwater fed, emerge from the valley side and discharge into the River Hengladalsá (see map in Woodward et al., 2010;  Figure 1 ). We studied 13 groundwater fed streams (discharge 1−50 L·s −1 ) feeding a two kilometre reach of the Hengladalsá river, with varying degrees of natural geothermal warming (5−25
• C). The concentration of cations and anions of the groundwater and stream-water is similar across streams, mostly independent of temperature (Friberg et al., 2009; Demars et al., 2011) . All streams were small headwaters (summer discharge 1−50 L·s −1 ) affected differently by seasonal snowmelt and rain on snow events. The nature of the stream bed varied between streams from substrata dominated by mud, gravel/cobbles in loose or stable matrix, or calcite sinter. The stream bed supported biofilm and macrophytes (filamentous algae, bryophytes or vascular plants). These physical and biological features determine stream area availability for microbes and create water transient storage zones. Further details are available in Demars et al. (2011) .
> WHOLE STREAM METABOLISM
We quantified the net metabolism of each stream in August 2008, when the streams were under steady state conditions, i.e. when maximum standing biomass was assumed to be reached in all streams independently of temperature. Whole stream metabolism estimates (ER and GPP) were based on a modified open-system O 2 change method using two stations corrected for lateral inflows (Odum, 1956; Demars et al., 2011) . Essentially, this is an in-stream mass balance of oxygen requiring measurements of oxygen inflows and outflows along a river reach. Stream metabolism was measured in whole stream reaches (17−51 m long) during ∼ 48 h within an 11 day period (6−16 August 2008). The instantaneous net metabolism (NEP t ) at time t (mg O 2 ·m −2 ·s −1 ) was calculated as follows :
with C AV averaged observed oxygen concentration (mg·L −1 ) at time t and t + τ with τ mean travel time; K A oxygen re-aeration (mg·L −1 ); Q, discharge (L·s −1 ); w, stream wetted width (m); L, stream reach length (m); C g groundwater oxygen concentrations (mg·L −1 ); Q g lateral inflows (L·s −1 ). Typically, oxygen concentrations were measured every minute with optic oxygen sensors (TROLL9500 Professional, in-situ Inc and Universal Controller SC100, Hach Lange GMBF). Conservative tracer studies (NaCl and propane) were run during the same period of fieldwork to quantify discharge (Q) at the top and bottom stations, groundwater lateral inflows (Q g ), mean travel time (τ), oxygen exchange coefficient (k O 2 ), and hydraulic parameters (see below). Daily ecosystem respiration (ER) was calculated from the net metabolism at night scaled to 24 h and gross primary productivity (GPP) resulted from subtracting the dark from the light metabolism and averaged over 24 h. The daily net ecosystem production (NEP) was calculated as GPP minus ER, with the assumption that autotrophic and heterotrophic respiration were the same under light conditions as those measured at night. The relative uncertainties (based on 1 standard deviation) in daily ER and GPP were generally around 50% (38−86%) and 20% (1−57%), respectively. Further details about the method are available in Demars et al. (2011) .
> STREAM HYDRAULIC PARAMETERS
Water transient storage and storage exchange rate with free-flowing water were determined using the upstream-downstream conductivity curves (10 s time step) produced by NaCl slug injections and the equations developed by Bencala and Walters (1983) . The equations were solved numerically using the DISCUS method (Manson et al., 2001 ; see hydraulic model description below), which is an improvement on the traditional OTIS method (Cox and Runkel, 2008) . The good fit of the model simulations to the experimental data, together with Damkohler numbers within the range 0.5−5 (observed range 0.9−4.3) indicated that the model output was an accurate reflection of the actual stream processes (Hart et al., 1999; Argerich et al., 2008) . To obtain more comparable measurements across streams, the cross-sectional area of the storage zone was normalised by the stream cross-sectional area (A s :A). These stream hydraulic parameters were statistically unrelated to temperature , but related to each others (r = 0.64, n = 13, P = 0.018). An additional hydraulic parameter, the water spiralling length, average distance travelled by a water molecule in the free-flowing water before entering the water transient storage zone, is also reported.
> HYDRAULIC MODEL DESCRIPTION
The transport of an introduced conservative tracer in a stream with transient storage regions may be described by the following mass conservation equations,
where c is the concentration of tracer in the main channel, u is average water velocity (m·s −1 ), s is the concentration of tracer in the transient storage zone, A is the stream channel crosssectional area (m 2 ), A s is the transient storage cross-sectional area (m 3 ·m −1 or m 2 ), D is the longitudinal dispersion coefficient, α is the solute exchange parameter between the main channel and the storage zones (s −1 ), q is the lateral volumetric inflow rate per unit length (m 3 ·s −1 ·m −1 ), x is the longitudinal spatial co-ordinate and t is time (s).
For the experiment described herein we are concerned with solving these equations over some stream reach length, L, and over some time interval, T during which the tracer experiment takes place. The solution to these equations are functions of space and time: c(x, t) and s(x, t). The following boundary conditions are appropriate for the scenario in this experiment. At the upstream boundary the tracer concentration entering the reach is specified for all time, t = 0 to T; at the downstream boundary a zero diffusive flux is assumed which implies that solute is advected out of the domain unhindered. For the initial conditions all c and s are assumed zero at t = 0. The model equations are discretised using a control (or finite) volume approach, evaluating the advection term explicitly in time using a semi-Lagrangian method (Manson and Wallis, 1995) and by evaluating the dispersion and transient storage terms implicitly in time using the Crank-Nicholson method which apportions equal weight to both present and future values of c and s (Hoffman, 1992) . The solution consists of estimates for c and s over some discretised spatial and temporal domain, i.e. (c n i , s n i ) for i = 1 to n x and m = 1 to n t where n x is the number of points in the spatial domain and n t is the number of points in the temporal domain. Note that the spatial domain is split into (n x − 1) elements of size Δx and the temporal domain is split into (n t − 1) time steps of size Δt. Equation (1) is an advection-diffusiondecay equation and represents a considerable challenge to existing numerical methods. In order to achieve a satisfactory solution the DISCUS method Wallis, 1995, 2000) is adopted. This method employs a conservative semi-Lagrangian algorithm that combines a control volume discretisation, the method of characteristics and a flux-based interpolation scheme. The method and its accuracy portrait is explained in detail elsewhere (Manson et al., 2001 ) but note that this work improves upon the numerical solution by incorporating the Crank-Nicholson method for the dispersion and transient storage terms. The discretised form of these equations is a coupled pair of equations linking c i and s i to their neighbouring cells for all the computational domain at the future time level, n + 1, (3) before solving. The model prediction for concentration versus time at the downstream end of the experimental reach is fitted to the observed data which has been collected at n t points in time. A fitting parameter may be defined as,
The model is fitted to the observations by adjusting the parameters (u, D, k 1 = α, k 2 = αA:A s ) strategically in order to minimize E. Note that lateral inflow (q) is obtained independently (from discharge calculations at the top and bottom stations) and therefore not adjusted as a fitting parameter. The direct search method which was used is a SIMPLEX method of the NelderMead variety (Lagarias et al., 1998 La distance horizontale moyenne parcourue par cette molécule d'eau dans la colonne d'eau, avant d'être reprise par le lit de la rivière (hyporhéos, délimité par la ligne noire épaisse en pointillée), est la longueur du flux en hélice (ou spirale) de l'eau. Remarquez l'expansion du volume de l'hyporhéos avec la temperature due à la moindre viscosité de l'eau qui résulte en une plus haute conductivité hydraulique dans le ruisseau chaud.
Rational for the synergistic effect of temperature × water transient storage on ER. The viscosity of water is nearly half between 5 • C and 25
• C resulting in a direct decrease in hydraulic conductivity of water through the stream bed (Constantz and Murphy, 1991; Constantz, 1998; Swanson and Cardenas, 2010) . Therefore at equal water transient storage A s :A, the hyporheic zone of a cold (5 • C) stream will have a smaller volume than a warm (25 • C) stream (assuming identical porosity for the hyporheic zone) - Figure 2 . This means that the spatial availability for microbial activity is not simply a function of the water transient storage but also temperature. Hence temperature and water transient storage should have a synergistic effect on ER due to the microbial activity in the hyporheic zone (Figure 3 ).
> DATA ANALYSES
Metabolic activities were ln transformed prior to regression and correlation analyses to normalise the data and reduce heteroscedasticity or because the biological response to environmental variables was known to be exponential from previous work. We then used linear regression models (S-Plus 7.0 software, Insightful Corp.) and partial linear regression models (Canoco 4.5, Microcomputer Power) to report probabilities. All uncertainties reported are based on ±1 SD and were propagated throughout the calculations. The hydraulic parameters of the present study were as follows: water transient storage, A s :A; storage residence time, A s :(αA); and water spiralling length, u:α. 
RESULTS
Water transient storage (A s :A, amount of temporary storage of water within quiescent zones) ranged from 0.12 to 0.73; storage residence time, A s :(αA), average water residence time in the transient storage zones, ranged from 2 to 15 min; and water spiralling length (u:α, average distance travelled by a water molecule before entering the water transient storage zone) ranged from 38 to 203 m (Table I ). Water transient storage was a significant predictor of ER (r 2 = 0.35, P = 0.034, Figure 4 ). There was a significant additive effect of temperature and A s :A on ER (r 2 = 0.57, P = 0.015, Figure 4) . The more complicated model including the additional and interaction effects explained more variability in ER (r 2 = 0.80, P = 0.002). However the combination of the two factors (A s :A × temperature) inhibiting each other's effect (interference) was counter intuitive and of no biophysical meaning (Table II, Figure 5 ). Despite the significant relationship between A s :A and the storage residence time (average water residence time in the transient storage zones), there was no relationship between the storage residence time and ER (r 2 = 0.03, P = 0.59). Like ER, GPP was related to the water transient storage (r 2 = 0.45, P = 0.012, Figure 6 ) and not to the storage residence time (r 2 = 0.08, P = 0.33), and there was no significant additional or interaction effects with temperature (as expected). In fact, GPP was Table II  Analysis of variance table of Table II . This more complex model must be rejected because it has no biophysical meaning (cf. Figure 3) .
Figure 5
Réponse prédite de la respiration (ER) à l'accroissement de la température pour trois tailles de stockage transitoire de l'eau, basée sur le modèle en synergie, r 2 = 0,80, n = 13, P = 0,002, voir Table II . Ce modèle plus complexe doit être rejeté pour son manque de réalité bio-physique (cf. Figure 3) . more related to water transient storage (r 2 = 0.23, P(A s :A|T) = 0.047) than temperature (r 2 = 0.11, P(T|A s :A) = 0.15) -with P(a|b) indicating a conditional probability.
The water spiralling length (S) was unrelated to temperature (r 2 = 0.08, P = 0.34) and storage residence time (r 2 = 0.06, P = 0.42). However there was a strong non-linear negative relationship with the relative size of the transient storage (Figure 7) , a relationship for which a function could be derived from first principle. The water spiralling length was linearly and negatively related to ER (r 2 = 0.49, P = 0.007) and GPP (r 2 = 0.32, P = 0.043) -see Figure 8 .
The results obtained so far indicated that water transient storage is equally important to temperature in explaining the variability in absolute metabolic rate of ER and GPP, but temperature controlled more strongly the metabolic balance (NEP) of these streams via its stronger effect on respiration than photosynthesis (Figure 9 ). 
DISCUSSION
> METABOLIC RESPONSE TO TRANSIENT STORAGE AND TEMPERATURE
The observed range in water transient storage (A s :A, 0.12−0.73) was moderate compared to mostly 0.05 to 2.7 worldwide (Battin et al., 2008) . Despite that, significant direct linkages were established between transient storage and stream metabolism (ER, GPP), most likely because the streams were more comparable than in previous studies (by Mulholland et al., 2001; Bernot et al., 2010) and better methods were used to estimate transient storage (Manson et al., 2001 and stream metabolism . Surprisingly, ER did not respond much more strongly to water transient storage than GPP, as seen by the equivalent slope (3.1 ± 1.0 versus 3.0 ± 1.2, respectively) and statistically indistinguishable intercept (1.7 ± 0.5 versus 1.1 ± 0.4 respectively), the latter possibly due to a lack of statistical power. Hence, there is no clear support for the hypothesis that ER should exceed GPP at a given temperature due to the potentially larger spatial availability for heterotrophic microbes able to colonise the hyporheic zone compared to autotrophic microbes confined to the lit bed area. It may be that the hyporheic zone of the stream investigated has a similar area for microbes to the three dimension architecture of macrophytes present in many streams. Alternatively, it is also possible that GPP is only indirectly influenced by water transient storage, via increased respiration activity (mineralization) re-circulating the limiting nutrients essential for photosynthesis activity (recall the tight inferred feedback loop between GPP and ER, see Figure 9 ). 
, 2011), its indirect role via respiration, itself influenced as well by water transient storage and GPP, was strong. There is a positive feedback loop (open arrows) between ER and GPP in those nutrient (N, P) poor streams: GPP provides additional organic matter and ER allows recycling of the limiting nutrients (N, P) by mineralization of dead autotrophic matter. Note that the water transient storage may also partly result from biotic activities (patches of macrophytes, matrix of extracellular polymeric substances produced by algae and bacteria).
Figure 9
Modèle causal basé sur des régressions linéaires simples, multiples et partielles. L'épaisseur des flèches causales (noires) représente la robustesse (r 2 ) des régressions. Les flèches en pointillés marquent les hypothèses causales attendues mais non-vérifiées, certaines après considération d'autres causes alternatives. Les probabilités associées sont aussi rapportées. Tandis que le rôle direct de la température sur la balance métabolique (production nette de l'écosystème NEP = productivité primaire brute GPP − respiration ER) était relativement faible (r 2 = 0,23 ; P = 0,099 ; Demars et al., 2011) , son rôle indirect par la respiration, elle-même aussi influencée par le stockage transitoire de l'eau et la productivité primaire, est fort. Il y a une boucle de rétro-contrôle positif (flèches blanches) entre la respiration (ER) et la photosynthèse (GPP) dans ces ruisseaux pauvres en nutriments (N, P) : GPP fournit de la matière organique et ER permet le recyclage des éléments nutritifs limitants (N, P) par la minéralisation de la matière autotrophique morte. Notez que le stockage transitoire de l'eau pourrait aussi être en partie le résul-tat d'activités biotiques (touffes de macrophytes, matrice de substances polymériques extra-cellulaires produites par les algues et les bactéries).
Log transformed ER and GPP were more linearly related to the water spiralling length (S = u:α) than water transient storage (A s :A), due to the non-linear relationship highlighted in Figure 6 between S and A s :A. Hence water spiralling length may be a better hydraulic indicator of water retention for metabolic activities, although it is intuitively less connected to the spatial area available for microbes and more related to stream size. While ER responded to the additional effects of temperature and water transient storage, this was not the case for GPP more related to water transient storage than temperature. This may partly explain why ER exceeds GPP in those groundwater fed streams . The synergistic model explained a larger amount of variance in ER and was highly significant (Table II) . However, it must be rejected because it had no biophysical meaning, showing interference effect when ER is known to respond positively from both predictors Demars et al., 2011) . Further sites need to be investigated to broaden the range of water transient storage under the full range of observed temperature (5−25
• C). This may also help to understand why storage residence time did not correlate to either GPP or ER. The stream metabolic balance (NEP), at least during late summer, was therefore primarily driven by the temperature dependence of respiration. The differential in absolute metabolic activity (ER > GPP at 15
• C; Demars et al., 2011) could not be explained by a differential response of ER and GPP to water transient storage, a surrogate for space availability for microbes. The metabolic balance of these streams was also likely influenced by dissolved organic carbon supply for bacterial activity (explaining ER > GPP under steady state) and bicarbonate availability for photosynthetic organisms . It is perhaps important to note that our field survey was not initially designed to test for the effect of water transient storage. While the data was suitable to address simple relationships, it was not enough to test for more complicated hypotheses. The results of such exploratory work should stimulate more controlled experiments in replicated flow through channels to test for the potential synergistic effects of water transient storage and temperature (e.g. Mulholland et al., 1994; Battin et al., 2003; Bottacin-Busolin et al., 2009 ). This study concentrated on oxygenic metabolism; however other types of metabolic pathways may be favoured under higher temperature conditions. Hence, further work will need to quantify the proportion of aerobic metabolism (relative to all metabolic pathways) within the transient storage zone relative to the free-flowing zone (Haggerty et al., 2009 ) and try to disentangle the role of different types of transient storage zones with manipulative experiments (e.g. Ensign and Doyle, 2005) .
> IMPLICATIONS FOR RIVER MANAGEMENT AND RESTORATION
We have demonstrated that under similar hydrological conditions, both temperature and transient storage are important drivers of stream metabolic activities. Transient storage is also a good descriptor of habitat complexity or spatial heterogeneity which has been demonstrated to increase biofilm metabolism (Cardinale et al., 2002) . Higher metabolic activities will allow higher pollutant uptake or degradation (Sweeney et al., 2004; Stutter et al., 2010) , hence river restoration and management should promote habitat diversity, especially for microbial activity (e.g. Bukaveckas, 2007; Power and Cardinale, 2009; Cardinale, 2011) . While thermal pollution may have negative effects on local individual species (e.g. Langford, 1990) , temperature generally increases biological activity in flowing waters (e.g. Demars et al., 2011) , and this increased energy available to the food web may lead to longer food chain (Woodward et al., 2010) and increased fish production (Baum et al., 2005) , as long as reaeration prevent substantial oxygen deficit (Moss, 2010) . While global climate change may alter the temperature of streams, changes in hydrological regime are predicted to have much more impact on aquatic metabolism (Acuña and Tockner, 2010) . Since stream hydraulics respond to hydrological changes, such as the negative correlation between watertransient storage (A s :A) and stream discharge (Q) (Manson et al., 2010) , it is also through local hydraulic changes that global climate change may affect most stream metabolism.
CONCLUSION
The additional effect of water transient storage and temperature on ER was identified for the first time. The predicted synergistic effect, a novel hypothesis, could not be confirmed however, likely due to data limitation. This may best be tested in more controlled conditions. Surprisingly, GPP responded more to water transient storage than to temperature. The metabolic balance of stream was therefore primarily affected by the temperature dependence of ER. This study suggests that river restoration aiming to increase stream metabolism should promote habitat diversity and complexity, especially for microbial activity.
